This study investigates grate sifting deposition ash, unquenched bottom ash, and water-quenched bottom ash from a mass burn waste-to-energy plant. Various methods were used to determine the characteristics of these ash types and to evaluate the influence of water quenching on bottom ash characteristics, namely visual observation, analysis of particle size distribution, particle thin section analysis, measurement of pH, moisture content, and loss on ignition, bulk chemical analysis, and mineral composition analysis. Results showed that the pH of all samples was in the range of 11.7-12.7. Approximately 70-80 % of samples consisted of CaO, SiO 2 , Al 2 O 3 , and Fe 2 O 3 . All samples were also enriched with Zn, Cu, Ba, Pb, and Cr, with concentrations higher than 500 mg/kg. Major minerals found in all samples included calcite, quartz, gehlenite, hematite and mayenite. However, physical, chemical, and mineral characteristics of the samples were heterogeneous. There were various indicators of the influence of water quenching on bottom ash characteristics, including differences in particle size distribution, the existence of an unidentified outer layer in water-quenched bottom ash, the decrease in pH, concentrations of CaO, Al 2 O 3 , Fe 2 O 3 , Cl, Cu, Ba Pb,Sr and As, and the presence of Friedel's salt in water-quenched bottom ash. Further research on the transformation of bottom ash during the quenching process is needed, as also further study of the mechanisms and functions of the unidentified outer layer.
INTRODUCTION
Mass burn moving grate incineration is one of the most common thermal treatment technologies used for handling waste in Japan. This technology can handle waste that is heterogeneous, both in terms of material size and in terms of energy content. It can reduce waste volume by up to 90 % and the heat generated during combustion can be recovered to generate electricity.
Recently, over 300 incineration facilities have been installed to generate electricity from waste. Of these, 197 facilities make use of moving grate incineration 1) . Although incineration enables reduction in waste volume, substantial amounts of residues are remained. During operation, incinerated residues (unquenched bottom ash, UBA) will be transported from the post combustion grate to the water reservoir called quenching tank to cool down. In the same time, the ash that drops into the gap between the grate during transportation called grate sifting deposition ash deposited under the grate. This ash is also transported to the quenching tank, mixed with UBA and transforms water-quenched bottom ash (QBA), or bottom ash. QBA is the most significant by-product from waste-to-energy incineration plants. It accounts for 85-95% of solid products resulting from the combustion process 2) . In some plants, the air pollution control residues and the boiler ash are also directed into the quenching tank, however, these types of ash are excluded in this research. Since the incineration process is not the final waste treatment stage, solid residues generated during/after incineration still require further treatment for safe disposal/utilization.
In Japan, most bottom ash is landfilled. Numerous studies have proposed several methods for recycling bottom ash, for example, by using it as an aggregate, as a construction material, and/or in cement production. However, only a portion of bottom ash can be used in the manufacturing process 3) . The main factor that prevents use of bottom ash is the heterogeneous nature of heavy metals and its Cl content. In aggregated quantities, leaching of heavy metal from bottom ash may harm human and environment health. In cement production, Cl leads to corrosion of metal in reinforced concrete, rendering bottom ash unsuitable for cement production. In order to utilize bottom ash effectively, it is therefore necessary to treat it prior to use. Details of such treatments have been reported elsewhere 4) . Several previous studies have focused on bottom ash characterization, which is a key to proper handling of bottom ash. However, most studies focus on metal distribution, heavy metal leaching, geoenvironmental weathering, road and construction applications, and treatment options of bottom ash generated from the end line of different incinerator types. Only few papers have discussed UBA and grate sifting deposition ash 5, 6) . While, these ash types are source of QBA. Characterization of these ash types would enable better understanding of the effect of water quenching on bottom ash characteristics. This study therefore investigates grate sifting deposition ash, UBA, and QBA from a mass burn waste-to-energy plant.
MATERIALS AND METHODS (1) Plant description
The sample used in this study came from a waste-to-energy incineration plant in Japan. The plant has two parallel incineration lines, with total process capacity of 400 tons of "as received" municipal solid waste per day. Both incineration lines make use a three-step movable grate system (Fig. 1) . The temperature in the combustion chamber is controlled at 850-1,050 ˚C. The incinerator is a closed system connected to a quenching tank. Bottom ash, a product of quenching hot ash, and grate sifting deposition ash are transported outwards through a linear conveyor belt. Emission gas is transferred to the gas treatment system, while heat is recovered to generate electricity.
(2) Sampling
Three types of materials were sampled from four sampling points (Fig. 1) , including;  grate sifting deposition ash collected from the shoot under the combustion grate (GSC),  grate sifting deposition ash collected from the chute under the post-combustion grate (GSP),  UBA sampled from the end of the combustion chamber, and  QBA collected at the outlet of the quenching tank. 
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In this study, we did not average samples taken over a long time period and all samples were taken on a typical routine maintenance day in January 2013. Samples of GSC, GSP, and UBA were of approximately 30 kg. In the case of QBA, a sample of 60 kg was collected; this was then air dried for three days and subsequently dried using a freeze dryer prior to being used in subsequent analysis.
(3) Analysis
Pre-treatment: To obtain representative samples, large unburned material was removed. All samples were initially homogenized by being passed through a 2 cm mesh. A coning and quartering method was applied to each sample. One part of the subsample was used, with other parts kept as stock for further research. About 1 kg of the used subsample was ground and later used in subsequent investigation.
Particle size distribution: After quartering, one part of the subsample was used to determine particle size distribution in 5 categories: <0.425 mm, 0.425-1.00 mm, 1.00-2.00 mm, 2.00-4.75 mm, and >4.75 mm.
pH, moisture content and loss on ignition (LOI): Samples were saturated with water in a solid: liquid ratio of 1:10 and pH was measured using a pH meter. All samples were dried in a drying oven at 105 ˚C for 24 h for subsequent water content measurement. Loss on ignition (LOI) was measured using a muffle furnace to heat the dried sample (at 105 ˚C for 24 h) to 440 ˚C for 2 h. This method was developed and used in our laboratory to avoid decomposition of hydrate and carbonate in bottom ash 7) . Thin section analysis: Several particles were carefully picked out of the middle-sized fractions (1.00-2.00 mm) using a stereo microscope. The representative specimens were then resin-impregnated, lapped and polished to prepare a standard thin section. Thin section observations were completed using a BX51-33 MB Olympus petrographic polarized microscope.
Bulk chemical analysis: Bulk chemicals of major elements, heavy metals, and trace elements were determined using wavelength dispersive X-ray fluorescence (XRF, Rigaku RIX3100). For this examination, 8 g of each sample were mixed thoroughly with acetone binder in an agate mortar. The powder was put into a sample O-ring and pressed at 20 kg/cm 2 for 1 min. Finally, the sample pellets were analyzed using XRF. The analytical result was calculated automatically by setting measurement parameters with reference to standard samples.
Minerals analysis: Each sample was ground into powder using an agate pestle and mortar and then manually pressed into the sample ring for analysis through X-ray Diffraction (XRD). Specimens were subsequently analyzed using XRD with scan parameters set to 2-75˚ 2θ, 0.020 steps, and 15/step. Data were recorded digitally. Peak positions and intensities were identified using the PC-based peak finder software namely PDXL (Rigaku Integrated X-ray Powder Diffraction Software). The positions and peak heights were checked against the entry database of the International Center for Diffraction Data (ICDD) and the Japan Information Center of Science and Technology (JICST).
RESULTS AND DISCUSSION
(1) Physical characteristics a) Visual observation and particle size distribution Four kinds of ash from different sampling points of the same combustion line were initially investigated by visual observation and using dried sieve analysis for determining particle size distribution (Fig. 2) . As can be seen in Fig. 2 , each ash has a different color and particle size distribution. GSC has a dark-gray color while GSP and UBA have a brown-gray color and QBA has a gray color. Particles smaller than 1 mm made up the major portions of GSC, GSP, and UBA, accounting for more than 60 % by weight. In contrast, the major portion of QBA was made up of particles bigger than 1 mm, since approximately 60 % by weight of the ash did not pass through a 1 mm sieve.
We found that GSC, GSP, UBA, and QBA were made up of different proportions of slag particles, relic metal, glass, ceramics, and unburned organic matter. These constituents can be seen easily in a particle larger than 4.75 mm. However, it is impractical to classify particles smaller than 4.75 mm by visual observation and the percentage of these constituents is therefore not included in this paper.
The result of particle size distribution analysis indicated some impact of water quenching on QBA particle size distribution/transformation. During quenching fine particles (especially those smaller than 0.425 mm) from GSC, GSP, and UBA may accumulate in larger particles by attaching to its surface and transforming into QBA. Saffarzadeh et al. 8) reported that QBA fragments were made up of a rigid core wrapped in a coating of poorly-bound and ultra-fine particles. This explains why 60% by weight of QBA particles were made up of particles larger than 1 mm. However, literature concerning the transformation of bottom ash during water quenching is very limited. The mechanisms of bottom ash transformation during the quenching process still remain challenging to investigate.
b) Thin section analysis
In order to determine differences between the surface morphology of GSP, UBA, and QBA, standard thin sections of representative particles of each sample were prepared and observed using a petrographic polarized microscope. Fig. 3 shows photomicrographs of the thin section of representative particles under plain polarized light (PPL).
As is already well known, incineration bottom ash (including grate sifting deposition ash) is generated through partial melting of the inorganic constituents of the waste stream. A complex of ash particles normally includes the amorphous melt glass phase, the mineral crystalline phase, and the refractory product 8, 9) . In addition, vesicles can be found in ash particles as a result of air escaping during incineration. A fragile zone, or unidentified outer layer, is also found in fresh-quenched bottom ash. From our investigation, we found that GSP (Fig. 3a) and UBA (Fig. 3b) comprise a complex of melt phases with no outer layer. In contrast, it is evident that QBA (Fig. 3c) has a typical unidentified layer bounded into the outer surface of melt products. This layer includes embedded micro-fragments of melt glass, minerals, stones, metals, and a variety of unidentified materials 8) . Although it was reported that this layer seem to provide effective porosity to fresh bottom ash particles 8, 9) , there has been very limited study of it. Further research concerning its characterization, formation mechanisms, and particular functions, may therefore be required to enhance understanding of bottom ash transformation characteristics, in turn providing useful insights for subsequent management and utilization. Results shows that pH values of all samples are alkaline, in the range of 11.7-12.8. QBA has the lowest pH of the samples. This indicates that water quenching influenced the pH of bottom ash by reducing its alkalinity. As unquenched products (which included GSC, GSP, and UBA) have pH over 12, with moisture content less than 1 % by weight, interaction of these materials with water during quenching leads to absorption of water into ash particles. At the same time, soluble salt dissolves into quenching water, leading to lower pH in QBA. Through adsorption and microcapillary forces, some water is absorbed by the ash particle surface and some water fills in particle pores, resulting in high moisture content of up to 45 % in QBA.
LOI is normally a measurement of the amount of volatile solids and/or unburnt carbon in incineration residues. LOI can be used to determine the efficiency of the combustion process. GSP was found to have a LOI value of less than 1% by dried mass while GSC and UBA have LOI of about 4%. This indicates a significant amount of incomplete burnt materials mixed in GSC, causing its dark-grey color. In the case of QBA, LOI was about 5 % by dried mass. Given that UBA was produced from high temperature (850-1,050 ˚C) treatment during incineration and that the ignition temperature of LOI in this study was only 440 ˚C, the higher LOI percentage of QBA compared to other samples indicated content of decomposable salts that may precipitate during the quenching process, or incomplete burnt materials from GSC.
b) Chemical composition
The results of bulk analysis of major chemical composition by XRF are given in in QBA were higher than in GSC, GSP, and UBA, while the concentrations of other compound in QBA were lower than in UBA. Since QBA was transformed as a result of quenching of hot GSC, GSP, and UBA in the quenching tank, elements contained in the latter three ash types may undergo thermodynamic reactions to reach equilibrium. There are several reactions that may occur during water quenching, including dissolution/ precipitation of salt, oxidation, hydration, and carbonation. Although these reactions were studied from the point of view of alteration/aging of weathered bottom ash 9) , these reactions require further investigation in terms of their role in quenching of bottom ash. Taking the example of Cl as one element that needs to be considered in terms of criteria for ash recycling, Table 2 shows that UBA, GSC, and GSP had a higher Cl content than QBA (by approximately 2-4 times). This indicates that substantial portions of Cl from UBA, GSC, and GSP were dissolved in quenching water. Only limited quantities of Cl were precipitated in QBA, in the form of decomposable and insoluble salts.
c) Heavy metal and trace element composition
The total concentrations of heavy metals in all samples are given in in Fig. 4 .We found that many trace elements, including Zn, Cu, Ba, Pb, and Cr, are enriched in GSC, GSP, UBA, and QBA, with total concentrations in excess of 500 mg/kg. Ni, Sn, Sr, and Cd were found in ranges between 100-400 mg/kg, while As, V and Co were found at concentrations below 10 m g/kg. Considering to the grate sifting deposition ash, we found that GSC and GSP contained high concentrations of heavy metal and trace element. Especially, Zn, Cu, Ba, Pb, Cr, Sr,Ni, Sn and Cd were higher than 100 mg/kg. Among 4 samples, Fig. 4 shows that GSC contained higher concentrations of Zn, Cu, Ba, Pb, Cr, Ni, Sn and As than UBA, while the concentrations of Cu, Ba, Pb and As in QBA are higher than in UBA. This indicates that GSC plays a vital role in the concentrations of Cu, Ba, Pb, Sr and As in QBA in our study. However, we did not find the relationship between GSP and QBA in a point of heavy metal and trace metal concentration.
(3) Mineral characteristics
In this research, mineral characteristics of each sample were analyzed using XRD. The main crystalline peaks of samples are illustrated in Fig. 5 . As the complex mineralogy of incineration residues is a result of several processes during combustion and treatment (including vaporization, melting, crystallization, vitrification, condensation, and precipitation 9) ), analytical results show that crystalline phases of minerals in the four samples had different patterns.
We found that calcite (CaCO 3 ) is the most abundant mineral found in GSC, GSP, UBA, and QBA. Other common minerals found in all samples were Quartz (SiO 2 ), gehlenite (2CaO. Mag Sod could only be found in GSC, GSP, and UBA (i.e., in unquenched ash). In addition, significant portions of portlandite (Ca(OH) 2 ) were present in GSC and GSP (grate sifting deposition ash). Magnetite (Fe 3 O 4 ) was also present in GSP and QBA samples, while Friedel's salt (3CaOAl 2 O 3 CaCl 2 10H 2 O) was only present in QBA.
Friedel's salt is a well-known insoluble chloride that cannot be easily removed from bottom ash. It poses an obstacle to the utilization of bottom ash in cement production. Some studies 3, 5, 10) have explored the removal of Friedel's salt from bottom ash for recycling purposes. However, the most effective method is washing with sulfuric acid, a solution that is rarely applied in reality. Understanding the formation and behavior of Friedel's salt in quenched bottom ash still requires further investigation. From our research, it is evident that halite and sodalite disappear in QBA while the proportion of gehlenite in QBA is significantly lower, compared to that in GSP and UBA. This relationship can be explained as follows. During the quenching process, halite dissolves in quenching water, allowing free Cl -in the system. At the same time, sodalite and gehlenite are transformed to tri-calcium aluminate (3CaO.Al 2 O 3 ) 11) . The presence of Cl -and tri-calcium aluminate leads to derivation of Friedel's salt via hydration and ion-exchange mechanisms 12) .
CONCLUSION
We investigated the physical, chemical, and mineral characteristics of grate sifting deposition ash, UBA, and QBA in this study, using visual observation, analysis of particle size distribution, thin sections, bulk chemicals and mineral composition, and measurement of pH, moisture content, and LOI. We found that the characteristics of grate sifting deposition ash, UBA, and QBA were heterogeneous. Characteristic of grate sifting deposition ash and UBA and water quenching influenced to QBA characteristic. Grate sifting deposition ash and UBA were dominated by particles smaller than 1 mm. These two types of ash had lower moisture content, higher pH (over 12), and higher concentrations of CaO, P 2 O 5 , MgO, Na 2 O, K 2 O, and Cl, when compared to QBA. On the other hand, the latter was dominated by particles larger than 1 mm, with pH lower than 12, higher moisture content, higher LOI, and higher concentrations of Al 2 O 3 , Fe 2 O 3 , Ba, Pb, and As than grate sifting deposition ash and UBA. The presence of an unidentified outer layer in QBA and of Friedel's salt, the decline in pH, and the distinct elemental concentration of QBA all indicate the influence of water quenching on characteristics of the latter. Further research is required on the formation mechanisms and functions of the unidentified outer layer, and regarding transformations that QBA undergoes during the quenching process; this would allow a better understanding of bottom ash characteristics, in turn enabling appropriate utilization or disposal.
